Improving the sealing within different sections of gas turbine engines can lead to significant efficiency gains, brush seals and labyrinth seals have been used for many years but both show deterioration in performance over time. This paper presents details of a new seal that uses an aerodynamic tilting pad air bearing to tightly control the axial seal clearance and thus leakage through the seal. The performance of the tilting pad air bearing, that utilizes a ceramic tile, is investigated with detailed comparisons of theoretical performance and actual test data. Ambient temperature testing of a seal that has a mean bearing diameter of 6.08" is described with speeds of up to 20000rpm and pressures of up to 100psi having been evaluated. It is envisaged that due to the materials used in the construction of the seal that it will be able to be utilized in many high temperature applications.
I. Introduction
mproving dynamic sealing within gas and steam turbines has long been seen as a way of enhancing the efficiency of the unit or as a way of improving the output. Brush seals have been demonstrated to offer significant improvements when compared to traditional labyrinth seals (1) , however their performance can deteriorate over time. As a result of this a great deal of research, in recent years, has been focused on the development of non-contact seals, examples of these have been aspirating seals (2) , foil seals (3) , foil face seals (4) , finger seals (5) and leaf seals (6&7) . This paper presents a novel high temperature non-contact dynamic seal that has been developed by Cross Manufacturing Co, the development started in 2003 and is protected by a number of patents (8) . All work to-date has been funded by Cross with testing taking place at both the Bath and Devizes facilities.
The seal comprises of three main parts, a tilting pad aerodynamic gas film bearing, a seal tooth and a secondary sliding seal. This paper looks at all three parts of the seal in isolation, comparing theoretical and test data for the tilting pad bearing, investigates the most suitable profile for the seal tooth and looks briefly at the most appropriate secondary seal system. Test data is also presented of a subscale 6" seal that has been extensively tested at Cross at speeds up to 20000rpm and at pressure drops up to 100psi. Although the work has initially been carried out at ambient temperature, due to the materials used in the seal it is envisaged that it would be suitable for a number of high temperature locations in typical aerospace and power generation gas turbines.
A basic cross section through the seal is shown in Figure 1 , this identifies the key components that make up the initial concept of the seal system. 
II. Aerodynamic Tilting Pad Gas Bearing
Central to the design of the seal is the tilting pad aerodynamic gas bearing, which maintains a very small clearance between seal tooth on the disk and the abradable coating on the seal.
During conception it was established that flat ceramic material is manufactured for the electronics industry and that this material can be laser cut to complex two dimensional shapes (9) , we decided to utilize this material in our designs.
In order to create a converging gas film wedge with the flat tile it was decided that the best approach would be to make the mating face for the tile slightly conical, this is illustrated in Figure 2 . The angles used are typically small and to-date have been less than 1 degree. KEY FEATURES:  1 -TILES (MULTI POSITION)  2 -TOOTH SEAL  3 -SECONDARY PISTON  RING SEALS 
Figure 2 Flat Tile and Conical Face

ROTOR WITH SHALLOW CONE TILE
To establish the most suitable design it was decided that preliminary evaluation should be carried out analytically and then this would be verified with a test rig containing a single tile. The analytical approach is detailed in Section -A, the test rig and data in section B and a direct comparison of the analytical and test data in section C.
A. Analytical Approach.
At Cross we decided that the best approach to solving this problem back in 2003 was to employ a consultant to write a code for us to specifically look into this problem. The code that emerged, called Axipad was written in Fortan and is made up of two modules. The first module is the Gas Film Module, this calculates the gap at all positions of the tile based on the physical geometry. It then used a finite difference solution method to solve the compressible, isothermal Reynolds equation to obtain the pressures and forces from the fixed geometry given the very small clearances involved. The second module is the Support System Module, this module calculates the film geometry for prescribed tile force, it does this by iterating the gas film module . Examples of the geometry obtained and the resultant pressure distribution obtained at specific operating conditions are shown in Figures 3 and 4 .
As the behavior of the tile is governed by the Reynolds equation it is straight forward to establish that typically the load carrying capability of the tile is a function of the gas viscosity, the speed and the clearance. The load carrying capability is thus independent of the gas pressure and also will increase with temperature due to the respective increase in viscosity with temperature.
Figure 3 Gap Between Tile and Disk Figure 4 Analytical Pressure Distribution
The data shown in figures 3 and 4 is for a bearing with a nominal 1.125in 2 surface area, running in air at ambient temperature with a mean diameter of 6" at a speed of 20000rpm supporting a load of 5lb. The particular bearing shown here has its pivot point central to the bearing although other positions have been investigated. Please note the negative gauge pressures at the trailing edge of the bearing and the off centre maximum pressure location. In section C more analytical data is shown and compared directly to the test data.
B. Single Tile Test Rig.
In order to validate the results obtained from the analytical model it was decided to manufacture a single tile test rig that would easily mount onto an existing rig at Cross From the two photos it can be seen that a single tile is mounted on a small pneumatic cylinder, by varying the air pressure to this cylinder the force on the tile is easily controlled. The tile is mounted on a ball joint to allow it to pivot in all directions, on the back of the tile is glued a piece of Perspex, there are 4 capacitance proximity probes and 10 small pressure taps mounted in the Perspex.
Two different tile geometries were tested, the first has the pivot point mounted centrally (50-50 tile), the second had the pivot point circumferentially 60% along the tile from the leading edge (60-40 tile). Both tiles were tested extensively, initially at constant load and varying speed, then at constant speed and varying load, finally the point at which the tile starts to "fly" was investigated at varying loads. All testing was carried out with the same conical angle on the rotor, this was less than 1 degree. During preliminary testing it was observed that the tile would glow just before or at the point of contact between the tile and the rotor, sustained glowing of 30 minutes or longer occasionally led to a tile failure , with the fracture typically initiating at the central mounting hole. Figures 9 and 10 above show the pressures generated under the tiles at a constant load of 5lb with varying speed. Both tiles start to fly at speeds just below 2000rpm , they show negative gauge pressures on 5A and 5B at speeds below 5000rpm. Peak pressures are recorded on both tiles at 4B at 6000rpm, as speeds increase the peak pressures drop and the pressure across the tiles become more uniform.
C. Comparison of Analytical and Test data
The graphs shown in Figure 11 compare the analytical data to the test data for the 50-50 tiles, the graphs shown in Figure 12 The pressure distribution on both tiles matches reasonable well with the analytical data. The data is not an exact match but the same trends are very clearly shown. The 60-40 tiles are able to support slightly higher loads than the 50-50 ones, they however have the disadvantage that they only function with the shaft rotating in one direction.
Reviewing the graphs that show load against effective minimum gap at constant speeds, in Figures 13 and  14 we can again see that the analytical and test data clearly follow the same trends. The data at 5000rpm and 10000rpm is a pretty good match with the data collected at 20000rpm generally having a larger gap than the analytical data would suggest. The reasons for these discrepancies are likely to centre on the requirement to measure the gap at all 4 corners of the tile to an accuracy of better than 0.0001" and then to back out the axial translation of the pivot point based on these values. The fact that the data at 20000rpm is so far off may also be due to vibrations on 
III. Seal Tooth
The seal tooth is the primary seal, the tilting pad aerodynamic bearing ensures that the seal tooth is held at a tightly controlled distance from the seal at all times.
During initial conceptual design a number of alternatives were explored but the design that was settled on was an axial tooth on the face of the disk designed to rub into an area of abradable material on a land on the tile carrier. This design was chosen to allow for manufacturing tolerances so an initial rub could be tolerated and then very low clearances maintained throughout a service life controlled by the tilting pad bearing.
A number of different tooth profiles were considered as shown in figure 15 . The design that was settled on was a single small tooth with a narrow radial land and a profile to help reduce the Cd, this design is shown as rim 3A in Figure 15 . The narrow land was also chosen to help maintain a pressure balance on the seals as shown in Figure  16 By setting the secondary seal diameter at the same diameter as the mean diameter of the sealing tooth the pressure balance of the seal system is maintained and the tilting pad bearing only has to support the force generated by the energizing springs. By keeping the seal tooth width narrow the force balance can be better maintained over a range of pressure ratios as the pressure distribution across the width of the tooth will have a lesser effect on the pressure balance. This then means that the tilting pad bearing has to maintain a constant force during the majority of its operating envelope, it is not affected by the pressure drop or pressure ratio across the seal to any great extent.
IV. Secondary Seal
To allow for transient axial growth of different parts of the turbine, axial translation of the seal carrier relative to the stator is a design requirement, this then necessitates a secondary seal system between the tile carrier and the stator assembly. The secondary seal can also be seen as a damper in the seal system, the friction between the sliding members contributing a coulomb damping force to the seal assembly.
As Cross specialize in manufacturing piston ring type seals for arduous environments such as those found in gas turbines, the design of the secondary seal system chosen for the prototype test parts was a two ring pack with sidecut step gaps, as shown in figure 17 . When assembled the gaps on each ring are placed at 90 degrees to each other to eliminate any direct gas flow path. This design of sealing ring pack was chosen as it provides a low leakage solution, with a typical effective clearance of 0.0001" or less, the configuration chosen for the initial test article was of an outspring design. This was chosen so the damping force remained relatively constant over a wide range of pressure drops. 
V. Sub Scale Test Article
In order to prove the concept further a subscale test article was manufactured. This comprises of a seal tooth of nominally 5.1" diameter and 5 tilting pad bearings with a mean diameter of 6.08". Photographs of the test article assembled on the Cross test rig are shown in Figure 18 , a cross section through the rig is also shown at the start of this paper in Figure 1 . As can be seen from the photos one of the tiles was also fitted with 10 pressure taps in the same manner as the single tile tests. Four proximity probes were also fitted into the tile carrier to enable the seal lift to be measured. The seal was subjected to a number of tests at speeds of up to 20000rpm and pressure drops varying from 10 to 100psi. All testing was conducted at ambient temperature with ambient pressure downstream of the seal.
The load on each tile is adjustable via springs on the back of the tile carrier, all initial testing was carried out with 5lb of load on each tile.
Leakage data obtained is shown in Figure 19 , this is for a 50-50 tile setup, data was also gathered using a 60-40 tile configuration, this produced very similar results. This data was taken after the seal tooth had been allowed to rub in with respect to the abradable land on the tile carrier. The static leakage value of 0.0001" effective clearance The test rig was configured so the seal could be pressurized either above the seal tooth or below it, tests were carried out in both configurations with very little difference in the sealing performance.
VI. Discussion
The analytical predictions compare well to the test data gathered on the single tile tests, the pressures generally match very well indicating that the analytical tool can be used with some confidence. Although the 60-40 tiles can generate slightly higher loads, the 50-50 tiles are not direction sensitive so offer more operating flexibility. Preliminary testing that has been carried out on the sub-scale test article has proven successful with dynamic leakages of typically 0.001" effective clearance being recorded on this proof on concept design.
A. Further Test Work (Sub Scale test Article)
The rig is capable of introducing radial offsets of the housing relative to the rotor, to-date no tests of this type have been performed on the seal. The rig is also capable of translating the housing axially relative to the rotor and again no such tests have yet been performed on the seal. Testing with an axial run-out on the bearing face of the disk has not yet been carried out, it is envisaged that this work would be carried out with a 1/rev, and a 3/rev axial runout of 0.004".
B. Further Analytical Work
Further analytical work will focus on utilizing the Axipad software to maximize the load carrying capability of the tile. Runs need to be carried out over a range of conical angles to establish the best angle for this feature.
C. Further Design Work
The seal as currently manufactured is slightly fragile, we have proven the concept works well but it is questionable whether it is robust enough to transfer directly into a gas turbine. Further design work needs to centre on the mounting of the tile and the pivot mechanism, investigations using flexures rather than the current ball joint and a Plasma sprayed coating instead of the current ceramic tile are currently underway. It is considered that these two modifications would significantly increase the robustness of the design, making it more suitable for gas turbine service.
VII. Conclusions.
Analytical data from the Axipad software matches closely to the test data collected on single tile tests of 50-50 and 60-40 tiles. The 60-40 tiles have a slightly higher load carrying capability than the bi-directional 50-50 tiles.
A sub-scale test seal was manufactured and tested at speeds up to 20000rpm and pressure drops up to 100psi, leakages of typically 0.001" effective clearance were obtained.
Recommendations for further work, analytical, test and design have been discussed with the work focusing on maximizing the load carrying capability of the bearing and increasing the robustness of the design. .
